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ABSTRACT 
 
Full Name : Adeem Ghaffar Rana 
Thesis Title : Photocatalytic conversion of CO2 to hydrocarbons using Cu-Zn/TiO2 
catalyst 
Major Field : Chemical Engineering 
Date of Degree : May 2015 
 
From the ten years there is a 5% (20ppm) increase of CO2 in the atmosphere which is due 
to the burning of hydrocarbons. Photocatalytic technology is used to recycle this 
atmospheric CO2 to valuable hydrocarbons. Reduction of CO2 to hydrocarbons reduces 
the CO2 in the atmosphere as well as partly fulfills the energy requirements of the world 
in the form of fuel.  
In this work the aim is to study the effect of the metal modified titanium dioxide (TiO2) 
on the photocatalytic reduction of the carbon dioxide (CO2). A series of metal modified 
TiO2 catalyst was synthesized using the wet impregnation method. The metals chosen for 
this purpose were Cu and Zn. Cu and Zn modified catalysts were tested for the 
photocatalytic reduction of CO2.  
The synthesized catalysts were characterized by using different analytical techniques 
such as powder XRD, SEM, EDX, N2 adsorption isotherm, FTIR and TGA. It is found 
that the phase of the metal modified catalyst remains the same i.e. Anatase. The surface 
area of the metal modified TiO2 was found to be 8.59 m
2
/g. It is confirmed by XRD that 
Cu and Zn are successfully loaded on the surface of the catalyst.  Elemental composition 
the loaded metal was found by using EDX analysis. Morphology of the synthesized 
catalyst was studied using the SEM analysis.  
xii 
 
The modified catalysts were test under UV light irradiation of 60W using 3 lamps each of 
20W intensity and 254 nm wavelengths. Temperature and pressure condition are room 
temperature and 1 bar respectively. The catalysts were tested for the two molar ratios of 
H2 to CO2 to 4 and 2. The catalysts were irradiated for 30 min before taking the samples 
for the analysis. Exit gas stream of the reactor was analyzed using GC and it confirms the 
conversion of CO2.  
Different series of catalyst were tested for the photo reduction of CO2. Firstly pure TiO2 
was tested for the conversion of CO2; the conversion reported for the pure TiO2 is 9.65% 
at a molar ratio of 4/1. The conversion efficiency of the catalyst increased by 38% after it 
is modified by Cu metal. Addition of Zn does not affect the conversion of TiO2 as Zn 
failed to act as electron trapper on the surface of TiO2 due to higher conduction band than 
that of TiO2. The co-modification of TiO2 with both Cu and Zn work synergistically and 
increase the efficiency of the catalyst by 48 % as compared to Pure TiO2 and 8% as 
compared to Cu modified catalyst.  
This work is done under UV light but it is suggested for future recommendation to work 
in solar light and use another set of metals to modify the TiO2, so the conversion 
efficiency of the process can be increased and to make this process feasible for the 
industrial use.  
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 ملخص الرسالة
 
 
  أدي م ال غ فار رن ا:الاسم انكامم
 
 uC-OiT/nZ2انى هيردوكربىنات باستعمال حفاز  OC2انتحهيم انضىئي انحفاز نتحىيم  :عنىان انرسانة
 
 انهنذسة انكيميائية انتخصص:
 
 2015يبٕٚ   :تاريخ انذرجة انعهمية
 
فٙ انٕٓاء انجٕ٘ بسبب ادخشاق  )mpp02( %5يُز عشش سٍُٛ ُْبنك صٚبدة فٙ ثبَٙ اكسٛذ انكشبٌٕ 
انٓٛذسٔكشبَٕبث. حمُٛت انخذهٛم انعٕئٙ انذفبص اسخعًهج نخذٔٚش ثبَٙ اكسٛذ انكشبٌٕ انجٕ٘ انٗ انٓٛذسٔكشبَٕبث 
يفٛذة. اخخضال ثبَٙ اكسٛذ انكشبٌٕ انٗ انٓٛذسٔكشبَٕبث ٚمهم يٍ ثبَٙ اكسٛذ انكشبٌٕ فٙ انٕٓاء انجٕ٘ ٔاٚعب 
 ت فٙ انعبنى فٙ ْٛئت ٔلٕد.حعٕٚط جضئٙ نًخطهب انطبل
فٙ ْزِ الاغشٔدت, َٓذف انٗ دساست حؤثٛش ثبَٙ أكسٛذ انخٛخبَٕٛو انًطٕس ببنًعذٌ عهٗ انخذهٛم انعٕئٙ انذفبص 
لاخخضال ثبَٙ اكسٛذ انكشبٌٕ. عذٚذ يٍ ثبَٙ أكسٛذ انخٛخبَٕٛو انًطٕس ببنًعذٌ لذ حى حذعٛشِ ببسخعًبل حمُٛت انخذهٛم 
 نهخذهٛم انعٕئٙ انذفبص لاخخضال ثبَٙ اكسٛذ انكشبٌٕ.  uC-nZ-nZ/uCًخخبسة ببنخبهٛم. انًعبدٌ ان
. اديصبص ٔايخضاص انُبٚخشٔجٍٛ ٔ DRX-MES-XDE-RITF-AGTانذفبص انًذعش لذ حى انخؤكذ يُّ ببسخعًبل 
حى انخؤكذ  .m 95.82g/انًطٕس ببنًعذٌ  انذفبصانًطٕس ببنًعذٌ ثببخت فٙ اَبحٛض. يسبدت انسطخ نٕدظ أٌ غٕس انذفبص 
. انخكٍٕٚ انعُصش٘ نهًعبدٌ انًذًهت عهٗ انذفبص ٔجذث عٍ غشٚك  nZٔ  uCانُجبح فٙ حذًٛم  DRXببسخذاو 
 . MES. انخكٍٕٚ انٓٛكهٙ نهذفبص حًج دساسخّ بٕاسطت XDE
ذة رٔ ش W 02يصببٛخ كم يُٓب  3خلال  W 06انًطٕس ببنًعذٌ حى اخخببسِ ببسخعًبل الاشعت فٕق انبُفسجٛت  انذفبص
ببنخشحٛب. انذفبص حى دساسخّ َسب يٕنٛت  rab 1غٕل يٕجٙ. انذشاسة ٔانعغػ كبَب دشاسة انغشلت  ٔ mn 452لذسْب 
ٔ انز٘  CGلٛم انخذهٛم. انغبص انخبسج يٍ انًفبعم حى حذهٛهّ ببسخعًبل  nim 03. انذفبص عشض نًذة H2 OC/2 4-2
 . OC2أكذ حذٕٚم 
  %56.9َٙ أكسٛذ انخٛخبَٕٛو خبنصب لاخخضال ثبَٙ اكسٛذ انكشبٌٕ: انخذٕٚم دٕانٙ دفبصاث يخعذدة حى اخخببسْب. أٔلا ثب
 nortceleنى حؤثش دٛث فشهج   nZ. اظبفت uCيع حذعٛى ببنًعذٌ   %83. كفبءة انخذٕٚم اصدادث 1/4َسبت يٕنٛت 
uC-. انخذسٍٛ انًضدٔج نثبَٙ أكسٛذ انخٛخبَٕٛو يع dnab noitcudnocعهٗ سطخ ثبَٙ أكسٛذ انخٛخبَٕٛو بسبب  part
 .uCانذفبص انًعذل بـ  %8ببنًمبسَت يع ثبَٙ أكسٛذ انخٛخبَٕٛو انخبنض ٔ   %84ببنخآصس عهٗ حذسٍٛ كفبءة انذفبص  nZ
 ْزا انعًم لذ حى يعشظب نلاشعت فٕق انبُفسجٛت ٔٚمخشح فٙ انًسخمبم انعًم خلال الاشعت انعٕئٛت ٔاسخعًبل يعبدٌ
 اخشٖ نخذسٍٛ ثبَٙ أكسٛذ انخٛخبَٕٛو, نُخًكٍ يٍ صٚبدة كفبءة انخذٕٚم ٔايكبَٛت جعهٓب يشبذت فٙ انًجبل انصُبعٙ.
 
1 
 
1 CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
One of the key environmental issue for humanity is greenhouse effect [1]. Climate’s 
temperature is increasing as it is obvious from increase in ocean’s temperature and 
average global sea level [2]. Carbon dioxide (CO2), methane (CH4) and chloro fluoro 
carbons (cfcs) are the greenhouse gases which are the main cause for global warming [3]. 
Among the different greenhouse gases highest emitted by the human activities like 
deforestation or burning of fuel is CO2 and it has the highest concentration in the 
environment [4]. The CO2 emission is projected to increase 50% in future from 2007 to 
2030, which in past has increased almost 80% from 1970 to 2004 [2]. Such an escalation 
in the emission of CO2 will increase the average global temperature by 6 ºC till the end of 
this century [5]. The human survival will be at stake if this increase in not kept under 
control [6]. Exploring effective methods to resolve this issue is the active research area. 
The main purpose of the research is to bring down the level of greenhouse gases, 
especially CO2 to the safe limit. 
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Gases emitted globally that are the cause of greenhouse effect are show in Figure 1–1 
 
Figure 1–1 Global Gas Emission[7] 
These gases are emitted in atmosphere by different sources such as agriculture, forestry, 
energy supply, transportation and industry in Figure 1–2. 
 
Figure 1–2 Gases Emitted By Sources[7] 
3 
 
Human Development Index (HDI) recognized by United Nations development program 
as measure of the “Quality of Life”. In Figure 1–3 HDI is plotted against energy 
consumption per capita [8]. It is clear that the countries with better quality of life or HDI 
index has higher energy consumption e.g. fossil fuels and electricity [9].  
CO2 is a major greenhouse gas and its level must be kept in a safe limit so that it does not 
affect the world weather. For that purpose many technique are under use like CO2 capture 
and utilization processes. Due to the cost and storage factor it is better to utilize CO2 to 
make beneficial products rather than capturing. CO2 can be utilized using different 
processes like dry reforming, methanol production and hydrogenation of CO2.  
 
Figure 1–3 Human Development Index of Different Countries [8]  
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Utilization is a plausible option, because it can lower the CO2 emission, decrease the 
consumption of the fuels and can be a course for enough energy for the society [8,10–12]. 
In Figure 1–4, Gibbs free energy of formation of different materials is shown. The 
Energy shows that CO2 is a highly stable molecule. As a result, high energy for the 
conversion of CO2 into any fuel is needed [8]. 
Renewable source of the energy (solar, wind) should be used to avoid further emission of 
CO2 while converting CO2 into fuels. Many techniques can be used e.g. electrochemical 
conversion of CO2 into hydrocarbons. H2 and CO2 can be reacted directly under suitable 
conditions to produce methanol [13]. This process of conversion of CO2 will be efficient 
if the input energy is produced using renewable energy. 
Another technique that can be used of the conversion of CO2 is the photo reduction with 
H2/H2O by using some semiconductors. The main benefit of this process is that the input 
energy is light and there will not be any CO2 emission. Photocatalytic conversion of CO2 
has attracted many researchers in recent decades, but low efficiencies and development of 
effective catalyst is still the challenge for the researchers.  
  
5 
 
 
 
 
 
 
 
Figure 1–4 Gibbs free energy of the selected Chemicals [8] 
 
  
6 
 
Hydrogenation of CO2 can be done either by chemical catalytic reactions under high 
temperature and pressure or by photocatalytic reaction under ambient conditions. This 
work focused on synthesis of effective catalyst and improving the efficiency of the 
semiconductor photocatalyst for CO2 photo reduction.  Photocatalytic conversion of CO2 
to hydrocarbons is investigated. For that purpose Cu-Zn co impregnated on the surface of 
TiO2 is used. To the best of our knowledge, this work is not reported yet in the literature. 
The further review on CO2 photo-reduction and detailed objectives of this study are 
presented ahead. 
1.2 Objectives 
1. To synthesis of Cu-Zn/TiO2 based catalyst using impregnation technique. 
2. To characterization using XRD, FTIR, BET, TGA, SEM and FTIR 
3. To study the photocatalytic conversion of CO2 into hydrocarbons under UV light 
irradiation 
4. To study the effect of different % of metal loading on the surface of TiO2 
  
7 
 
2 CHAPTER 2 
Literature Review 
2.1 Carbon Dioxide Sources 
2.1.1 Contribution of Man Activities and Natural Sources 
The major source of the CO2 is power plants running by fossil fuels. One third of the CO2 
emitted throughout the world is from these plants. As a general example a coal fired plant 
of capacity of 1000 MW emits 7 Mt CO2 per year on the other hand if the plant is fired 
using oil the CO2 emission reduces to two third and with natural gas it reduces further to 
one half. Secondly there are many industrial processes which emit highly concentrated 
CO2 streams as byproducts. CO2 can be captured and stored from the wells from where 
the natural gas is being extracted. Land use changes are when forest or agricultural lands 
are converted to human used areas. This affect is causing 3.3 billion tons of CO2 which 
makes almost 9% [14] shown in Figure 2–1. Deforestation is the major cause of this 
problem as trees sink carbon dioxide and remove it from atmosphere by using it via 
photosynthesis. Due to deforestation, the number of trees in the environment decreases 
eventually the CO2 removed by photo synthesis will also reduces. CO2 is also released in 
atmosphere by natural process alongside the human activities. Ocean atmosphere 
exchange contributes 42.84% while animal respiration as well as soil respiration and 
decomposition produce 28.56% each [15] and volcanoes contribute minor amount 0.03%  
shown in Figure 2–2. 
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Figure 2–1 Human Sources of CO2 [14] 
 
 
Figure 2–2 Natural Sources of CO2 [14] 
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2.2 Carbon Dioxide Sequestration 
Carbon sequestration and storage (CSS) is an efficient technique to lower CO2 level in 
atmosphere as proposed by many studies. CSS is a technique to capture CO2 from 
emission sources and store it in reservoirs of oil, gas and deep sea [1]. One of the 
drawback of CSS is that it needs additional energy and cost for the transportation, 
compression, separation, storage and purification [5]. One of the basic reasons of CSS is 
to allow human beings use of the fossil fuels which is the major portion (almost 86%) of 
the energy consumed and it is main source of the CO2 emitted (nearly 75%) by human 
activities [16]. As a result of reduction of CO2 in the atmosphere we are making global 
climate change less severe. CO2 capture processes are classified to [16] 
1. Flue gas separation 
2. Oxy-fuel combustion in power plants 
3. Pre-combustion separation 
Few key points should be kept in mind while storing CO2 [17] 
1. Long storage time  
2. Cost should be minimized 
3. Safety precautions to avoid any accidents 
4. Minimum environmental effect  
5. Should abide by all national and international laws 
CO2 is mainly stored and consumed in oil & gas reservoirs, enhanced oil recovery, coal 
seams and deep saline formations [17]. 
10 
 
 
Figure 2–3 Flow Diagrams of CO2 and Its Sequestration [16]  
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2.3 Carbon Dioxide Utilization 
CO2 transformation is considered more to be attractive than its storage, if feasible routes 
are available. These days, conversion of CO2 to valuable products is getting more 
attention. There are many processes available from which few are discussed below. 
2.3.1 Direct Transformation of CO2 to Carbonates and Epoxide 
Direct transformation of CO2 over heterogeneous catalysts is one of the methods. From 
almost last 20 years or so a wide range of catalysts have been used for transformation of 
CO2. Transformation of CO2 to cyclic carbonate, dimethyl carbonate, and epoxide are the 
few processes used. The catalysts used for this are inorganic metal oxides, clay and 
zeolite as well as the organic base catalysts [18]. 
 
2.3.2 CO2 Utilization for Urea 
CO2 is utilized indirectly in organic synthesis of many valuable chemicals.  In industries 
CO2 is utilized for the production of methanol, urea, salicylic acid, poly and cyclic 
carbonates [18]. CO2 utilized for the production of urea is approximately 100 million tons 
on industrial scale. Same like urea 90,000, 80,000 and 70,000 tons salicylic acid, cyclic 
carbonates and poly carbonates are synthesized in industry respectively [18].  
Hydrogenation of CO2 is another process for the utilization of CO2 and mitigating the 
greenhouse effect.  Conversion of CO2 to CH4 and CH3OH is promising research topic 
12 
 
now a days, but practical industrial process has not been developed yet because of the 
limitation of reactivity of CO2, thermodynamic stability and economic feasibility [18]. 
2.3.3 Synthesis of DMC 
CO2 can be utilized for the production of dimethyl carbonate either by trans-esterification 
of cyclic carbonate or by direct synthesis from CH3OH [18]. 
 
2.3.4 Transformation to Methanol & Di-methyl ether 
CO2 can be utilized for the formation of methanol and dimethyl ether. Di methyl ether 
and methanol can be alternative to LPG and gasoline. This transformation has major two 
benefits, first it utilize CO2 and secondly it can be utilized as fuel instead of oil [18]. 
CO2 + 3 H2 ⇆ CH3OH + H2O  (Methanol Synthesis) 
2 CO2 + 6H2 ⇆ C2H6O+ 3H2O (Di Methyl Ether Synthesis) 
2.3.5 Syngas Production or Dry Reforming   
CO2 is utilized for the production of syngas using reforming of CO2. CH4 is converted to 
syngas using dry reforming. Syngas is a mixture of H2 and CO. Methane reforming is 
represented by following equation [18] 
CH4 + CO2  2CO + 2H2 
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2.4 Methanation of Carbon Dioxide 
The main purpose of the CO2 conversion is to achieve the complete reduction to the 
methane by homogeneous catalysis. 
CO2 + 4 H2  CH4 + 2 H2O 
There are three ways of methanation of carbon dioxide 
1) Thermal catalytic conversion 
2) Electro catalytic conversion 
3) Photocatalytic conversion 
2.4.1 Thermal Catalytic Conversion  
CO2 can be transformed into valuable compounds using high energy H2 and CH4 on 
industrial scale. Figure 2–4 [19] shows the conversion routes via H2 directly result in 
fuels while CO2 is converted to syngas using CH4 which in further step converted to any 
of the above. Direct conversion using H2 is economically viable. 
CO2 conversion to CH4 is industrially very important. CH4 can be used for many 
purposes like dry reforming, power generation and it can be utilized as fuel.  
Nickel and other noble metal are used as catalyst in the conversion of CO2. Ru is the best 
in terms of  conversion and selectivity among all metals shown in Table 2-1 [19,20]. As 
the conversion process is exothermic it is desired to synthesis a catalyst for low 
temperature which favors the CO2 conversions. Low temperature helps to overcome the 
undesired RWGS. 100% yield of is CH4 is reported by [21] at 453 K using Ru on TiO2 
support. CO2 is converted oxygenates when reacted with H2. 
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CO2 is converted to hydrocarbons directly using cobalt and iron based catalyst. CO is 
important reaction intermediate when iron based catalysts are used for CO2-FT reactions 
[32, 42, 43].  
 
Figure 2–4 CO2 conversions to fuels or useful commodity chemicals [19] 
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Table 2-1 Conversion and Selectivity for CO2 Methanantion [19,20] 
Catalyst T/K Conversion 
(CO2)/% 
Selectivity 
(CH4)/% 
Reference 
Ru/TiO2(B) 453 100 100 [21] 
Ru/TiO2(W) 693 100 100 [21] 
Ru/TiO2(G) 513 100 100 [21] 
Ru/TiO2(B) 473 100 100 [21] 
Ru/TiO2(B) 693 100 100 [21] 
Ru/TiO2(B) 513 100 100 [21] 
Ce0.97Ru0.03O2 753 51 99 [22] 
Ce0.96Ru0.04O2 723 55 99 [22] 
Pd–Mg/SiO2 723 59 95 [23] 
Pd–Ni/SiO2 723 50.5 89 [23] 
10Ni–CZ 623 85 99.5 [24] 
Ni-MCM-41 673 56 96 [25] 
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2.4.2 Electro Catalytic Conversion 
There is a long history behind electro catalytic reduction of CO2, since last few decades it 
has attracted attention in academic and industry. CO2 can be converted to various 
products on the surface of solid electrodes using electrocatalysis. Figure 2–5 shows the 
cells that are often used for the CO2 conversions [19].  The cell must also have the facility 
to chemically analyze the product formed at the electrodes [26]. Figure 2–6 shows that 
metal electrodes can be categorized by four different categories depending on the reaction 
type as reported by [26] [27] [28]. 
 
Figure 2–5 Types of Cells used for the Conversion of CO2 Electrochemically [28] 
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1. First group contains only copper (Cu) and it shows excellent selectivity and 
activity for the conversion of CO2.  
2. Second group contains Zn, Au and Ag, the main product for these electrodes is 
CO.  
3. Third group includes Cd, Sn and Pb and these electrodes results in the production 
of formates as main product.  
4. Fourth group metals electrodes produces hydrogen.  
The main reason behind hydrogen production is that CO adsorbed inhibits the further 
reduction of CO2 [28]. As reported by Hori et.al. [28], many electrodes like C, Al, Mn, 
Fe, Co, Zr, Nb, Mo, Ru, Hf, Rh Ta, W, Re, V, Si Cr and Ir are mostly inactive for CO2 
reduction at 273 K in a 0.05 M KHCO3 solution performed at -2.2 V standard calomel 
electrode.  
The main challenges still faced by researchers in electrocatalysis are following  [19] 
1. Requirement of high potential.  
2. At room temperature and pressure the solubility of CO2 is very low. 
3. Products formed are in form of mixture and there is additional cost for the 
separation of these products. 
4. Impurities damage the electrodes and cause its deactivation.  
The problems are somehow addressed by using Gas Diffusion Electrodes (GDEs). A 
GDE is mainly Teflon-bonded carbon black matrix on which there are discrete catalyst 
particles of metals. Firstly it is used by [29] for the Reduction of CO2. Lead Impregnated 
GDE is used for the synthesis of Formic acid with current Efficiency of almost 100%.  
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Figure 2–6 Electrode materials and reaction products of CO2 reduction [28] 
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2.4.3 Photocatalytic Conversion 
Photocatalysis 
It is defined as reaction which is being accelerated using a light source and catalyst.  The 
light is adsorbed by the catalyst and electrons moves to an excited state. In this type of 
reactions, photocatalytic activity of the reaction is determined by the ability to produce 
and electron hole pair which further produces the hydroxyl radicals, which are used for 
the main reaction [30]. 
In conventional catalysis, the process is divided in five steps [31]. 
1. Bulk diffusion from the fluid to the surface. 
2. Adsorption of the reactants on the surface of the catalyst. 
3. Reaction on the surface of the catalyst. 
4. After the reaction desorption of the products 
5. Products formed need to be removed from the interfacial region.  
The main difference from chemical catalysis is that in this the activation of catalyst is 
done through light instead of the thermal source [31]. 
When a metal oxide or semiconductor is exposed to photons of light which has equal or 
greater energy than their band bap, the photons get absorbed and create electron hole 
pairs. It produces photo electrons in the conduction band and photo holes in the valence 
band. This is shown in the Figure 2–7 schematically [31]. The electron gains energy from 
photons and move from valence band to the conduction band. While production a +ve 
charge hole in the valence band and a –ve charge electron in the conduction band [32]. 
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Figure 2–7 Photocatalytic Process Over TiO2 [32] 
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Band Gap 
The energy gap present between the valence and conduction band of the material is called 
the band gap. Materials that have high band gaps are called insulators and which have 
low band gaps are called metals.  Metals exhibits insulator property at absolute zero but 
when photons of energy excite these it allow electrons in the conduction band [33]. The 
Figure 2–8 shows it graphically. 
 
Figure 2–8 Band gap of Different Materials [33] 
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The band gaps of the different semiconductors are given below in Table 2-2 
Table 2-2 Band gaps of Different Semiconductors [34] 
Name Formula Eg (eV) λ (nm) Range 
Silicon Si 1.1 1125 
IR Tungsten selenide WSe2 1.4 1032 
Copper (II) oxide CuO 1.35 1032 
Copper (I) oxide Cu2O 1.9 620 
VIS 
Cadmium selenide quantum dots CdSe QDs 2.0 620 
Ferric oxide (α-phase)/Hematite α-Fe2O3 2.2 560 
Bismuth vanadate BiVO4 2.4 517 
Cadmium sulfide CdS 2.4 517 
Tungsten oxide WO3 2.5-2.8 495-442 
Indium tantalum oxide InTaO4 2.6 477 
Vanadium pentoxide V2O5 2.7 458 
Indium oxide In2O3 2.9 428 
Silicon carbide SiC 3.0 415 
Titanium oxide (Rutile) TiO2 3.02 410 
Titanium oxide (anatase) TiO2 3.23 384 
UV 
Zinc oxide ZnO 3.2 387 
Strontium titanate SrTiO3 3.4 364 
Tin dioxide SnO2 3.5 354 
Manganese (II) oxide MnO 3.6 345 
Zinc sulfide ZnS 3.7 335 
Nickel oxide NiO 4.3 288 
Aluminum oxide Al2O3 7.1 175 
Magnesium oxide MgO 7.3 159 
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2.5 CO2 Reduction Reaction Mechanism 
Photo reduction of CO2 consists of complex reaction steps. Firstly the catalyst is excited 
using light source whose photons should have energy equal or greater than the band gap 
of the catalyst to move them from the valance band to the conduction band. The 
excitation causes the production of holes in the valence band and electrons in the 
conduction band, which helps in photo oxidation and photo reduction.  [34]  
The energy of the electron of the catalyst should be higher than CO2 reduction potential. 
It suggests that the conduction potential of the catalyst have to be above reduction 
potential of the desired product. At the same time the valence potential of the catalyst 
have to be below that. Energy level of different products of the system of CO2 photo 
reduction reported by Inoue et al. [35] is shown in Figure 2–9 
The reaction mechanism starts with the generation of e
-
 and h
+
 pairs. The recombination 
of the pair to produce heat is the main limiting step in the high efficiency of the reaction 
as the order of magnitude is higher than the electron transfer [36]. A proposed reaction 
scheme is shown below reported by many authors [35][36][37]. 
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Figure 2–9 Band Gap Energy of Different Semiconductors [35] 
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Table 2-3 CO2 Reaction Mechanism 
Reaction Step Reaction Eº 
Initiation Reactions 
                         
                             
Photo Oxidation 
Reactions 
    
       
 Photo Reduction Reactions  
Hydrogen formation                 
        
CO2 Radical 
Formation 
     
     
 
       
        
Formic Acid 
Formation 
      
                  
        
Carbon monoxide 
Formation 
      
                   
        
Formaldehyde 
Formation 
      
                     
        
Methanol formation        
                      
        
Ethanol Formation        
                         
        
Methane Formation       
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Table 2-4 Year Wise Literature Review 
Year Catalyst Primary Products 
Product Yield 
Light Source Reference 
CH4 CH3OH 
1978 GaP ; TiO2 
HCHO, HCOOH, 
CH3OH 
- 1.88 µmol/h Hg Lamp [38] 
1979 
SiC 
HCHO, CH3OH 
- 
76.4 (µmol/g-
cat/h) 
500 WXe/Hg Lamp [39] 
TiO2 - 
4.86 (µmol/g-
cat/h) 
GaP - 
15.7 (µmol/g-
cat/h) 
CdS - 
16.7 (µmol/g-
cat/h) 
WO3 - 0 (µmol/g-cat/h) 
1987 Ru/TiO2 CH4 105 (µmol/g-cat/h) - Solar Simulator [40] 
1992 TiO2+Cu 
HCHO, HCOOH, 
CH3OH 
- 
1.32 (µmol/g-
cat/h) 
500 W Xe Lamp [41] 
1993 
Degussa TiO2 
CH4, C2H6, CH3OH, 
HCOOH, CH3COOH 
0.93(µmol/g-cat/h) - 
500 W Hg Lamp [42] 
Pd-TiO2 
32.93 (µmol/g-
cat/h) 
- 
Rh-TiO2 
13.33 (µmol/g-
cat/h) 
- 
Pt-TiO2 
6.67 (µmol/g-
cat/h) 
- 
Au-TiO2 4.4 (µmol/g-cat/h) - 
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Cu-TiO2 
2.53 (µmol/g-
cat/h) 
- 
Ru-TiO2 0.8 (µmol/g-cat/h) - 
1995 
TiO2  
(100) 
CH4, CH3OH 3.5 (µmol/g-cat/h) 
2.4 (µmol/g-
cat/h) 
75 W Hg Lamp [43] 
Ti-ZSM-5 CH4, CH3Oh, CO 0.17 (µmol/g-cat) - 75 W Hg Lamp [44] 
Degussa  
TiO2 
CH4, CO, H2 2 (µmol/g-cat) - 1000 W Hg Lamp [45] 
1997 
TiO2  
(Anatase) 
CH4, CnHm 
4.74 (µmol/g-
cat/h) 
- 200 W Hg/Xe Lamp [46] 
1998 
Degussa  
TiO2 
CH4, HCOOH 0.43(µmol/g-cat/h)  - 4200 W Xe Lamp [47] 
Pt-Ti/MCM-48 
CH4, CH3OH 
12.3 (µmol/g-
cat/h) 
0.2 (µmol/g-
cat/h) Hg Lamp [48] 
Ti-MCM-45 7.6 (µmol/g-cat/h) 3(µmol/g-cat/h) 
1999 
TiO2/Pd/SiO2 CH4, CH3OH, 
HCHO,HCOOH 
0.8 (µmol/h) 2.5 (µmol/h) 
250 mW Hg Lamp [49] 
Li-TiO2/Al2O3 2.5 (µmol/h) 0.8 (µmol/h) 
2001 Ti-Beta (OH) CH4, CH3OH 
5.76 (µmol/g-
cat/h) 
1.35 (µmol/g-
cat/h) 
75 W Hg Lamp [50]  
2002 
Cu/TiO2 CH3OH - 
19.7 (µmol/g-
cat/h) 
8 W Hg Lamp [51]  
Ti-PS film CH4, CH3OH 7.1 (µmol/g-cat/h) 
1.8 (µmol/g-
cat/h) 
1000 W Hg Lamp [52] 
2003 
Fe-Cu-K/DAY 
& Pt/K2Ti6O10 
CH4,CH3OH, 
HCOOH, H2 
0.05(µmol/g-cat/h) - 150 W Hg Lamp [53] 
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2004 
TiO2  
(Anatase) 
CH4 0.88(µmol/g-cat/h) - UV lamp [54] 
Cu/TiO2 CH3OH - 
23.3(µmol/g-
cat/h) 
UV Lamp [55] 
Ag/TiO2 CH3OH - 
14.3(µmol/g-
cat/h) 
8 W Hg Lamp [56] 
TiO2/Nafion 
Film 
CH3OH - 56(µmol/g-cat/h) 990 W Xe arc Lamp [57] 
P-25 
(1g TiO2/L Sol) 
CH3OH - 
93.8(µmol/g-
cat/h) 
15 W UV Lamp [58] 
2005 Cu/TiO2 CH3OH - 
0.42(µmol/g-
cat/h) 
Hg Lamp [59] 
2006 
Ru/TiO2 
CH4, CH3OH 
205 (µmol/g-cat) 
13.8 (µmol/g-
cat) 
1000 W Hg Lamp [60] TiO2/SiO2 267.7 (µmol/g-cat) 
80.7 (µmol/g-
cat) 
Ru-TiO2/SiO2 223.8 (µmol/g-cat) 
43.8 (µmol/g-
cat) 
2007 
MWCNT 
CH4,HCOOH 
0.98 (µmol/g-
cat/h) 
- 
15 W UV Lamp [61] TiO2-MWCNT 
11.74 (µmol/g-
cat/h) 
- 
TiO2-Activated 
Carbon  
4.31 (µmol/g-
cat/h) 
- 
CoPc/TiO2 CH4, CH3OH 0.63(µmol/g-cat/h) 
0.21 (µmol/g-
cat/h) 
500 W Halogen Lamp [62] 
29 
 
InTaO4 
CH3OH 
 
1.06(µmol/g-
cat/h) 
500 W Halogen Lamp [63] 
NiO-InTaO4  
1.39(µmol/g-
cat/h) 
2008 
TiO2 (Anatase) CH4 
33.68 (µmol/g-
cat/h) 
- 450 W Hg Lamp [64] 
Cu-Fe/TiO2 CH4, C2H6 
0.91 (µmol/g-
cat/h) 
- UV Lamp [65] 
2009 
Pt-600/NT (N2 
Doped TiO2 
Tubes) 
CH4, CO, Olefins 
2.86 (µmol/g-
cat/h) 
- 
Sun Light [66] 
Cu-600/NT (N2 
Doped TiO2 
Tubes) 
3.09 (µmol/g-
cat/h) 
- 
TiO2/SBA-15 
CH3OH 
- 
972 (µmol/g-
cat/h) 
400 W Halide Lamp [67] 
Cu/TiO2/SBA-
15 
- 
1444 (µmol/g-
cat/h) 
Pt/TO-NT CH4 
0.13 (µmol/g-
cat/h) 
- 300W Hg Lamp [68] 
2010 
NiO/InaO4 CH3OH - 
21 (µmol/g-
cat/h) 
Halogen Lamp [69] 
Ag/TiO2 CH4, CH3OH 8.5(µmol/g-cat/h) 
1.9 (µmol/g-
cat/h) 
8 W Hg Lamp [70] 
Cu/TiO2-SiO2 CH4, CO 
13.2 (µmol/g-
cat/h) 
- Xe arc Lamp [71] 
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Ga2SO3 
CO 
0.72 (µmol/g-
cat/h) 
- 
200 W Hg/Xe Lamp [72] 
MgO 0.71(µmol/g-cat/h) - 
CaO 0.35(µmol/g-cat/h) - 
ZrO2 
0.12 (µmol/g-
cat/h) 
- 
ZnGa2O4 
CH4 
5.3 (ppm/h) - 
300 W Xe Lamp [73] 
RuO2/ZnGa2O4 50.4 (ppm/h) - 
RuO2+Pt/Zn2Ge
O4 
CH4 25 (µmol/g-cat/h) - 300 W Xe Lamp [74] 
CdSe/Pt/TiO2 CH4,CH3OH 0.6 (µmol/g-cat/h) - 300 W Xe Lamp [75] 
2011 
Ti-SBA-15 CH4,C2H4,C2H6 
0.016 (µmol/g-
cat/h) 
- 120 W Hg Lamp [76] 
Kaolinite/TiO2 CH4,CH3OH 0.31(µmol/g-cat/h) 
0.18 (µmol/g-
cat/h) 
8 W Hg Lamp [77] 
2012 TiO2-RMA CH4 
2.36 (µmol/g-
cat/h) 
- 300 W Xe Lamp [78] 
2013 
Pt/CuGaAlO4 CH3OH - 
7.8 (µmol/g-
cat/h) 
300 W Xe Lamp [79] 
Mes-CeTi-1.0 CH4 
2220 (µmol/g-
cat/h) 
- 300 W Xe Lamp [80] 
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2.6 Analytical Techniques 
2.6.1 Nitrogen (N2) Adsorption isotherms 
Surface area and the pore size distribution of the solid particles is mainly investigated by 
N2 adsorption isotherm [81].Sing et.al [81] defined adsorption isotherm as "the relation, 
at constant temperature, between the amount adsorbed and the equilibrium pressure of the 
gas".  Surface Properties of the sample are investigated and studies using this method. 
Firstly the sample is outgassed under high vacuum to take out the previously adsorbed 
sample. After that N2 is introduced and allowed to adsorb on the sample, N2 and related 
pressure are measure at boiling point of N2. Isotherm is obtained at the end of this 
measurement [81]. 
There are six different types of isotherms as shown in the figure below. These isotherms 
show different properties of the materials as shown and summarized by  [82] [81]. For 
example, there is hysteresis loop in type IV and V which shows the adsorption on 
mesoporous particle due to multilayer adsorption after that capillary condensation [82] 
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Figure 2–10 N2 Adsorptiom Isotherms [81] 
Surface area of the sample is determined using Brunauer-Emmett-Teller (BET) theory  
[83] calculating the monolayer capacity of the sample. The equation used for this is 
shown below.  
 
        
 
 
    
 
   
    
  
 
  
  
where  
V = volume of the N2 adsorbed  
Vm = Monolayer capacity 
P = Actual N2 pressure 
P0= Saturation pressure of N2 
C= Constant related to Enthalpy of adsorption   
Total and specific surface area is calculated using the equation below with the help of 
monolayer capacity of the samples.  
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where  
As= Total surface area 
as= specific surface area 
L=Avogadro constant 
am= molecular cross-sectional are of N2  
 
N2 adsorption isotherms is used to measure the surface area of many materials e.g. TiO2. 
Surface area affects the activity of TiO2. Surface area of Degussa reported by [84] measured 
by N2 isotherm is 49 m
2
/g. It has been reported by [85] that if the surface area of the material 
increases the activity of the material increases. Increasing the surface areas will increase the 
active sites and eventually more species will adsorb on the surface of the material [86].  
2.6.2 Powder X-ray diffraction (powder XRD) 
Max von Laue in 1912 and W. L. Bragg and W. H. Bragg in 1913 discovered the X-Ray 
diffraction of the crystals. X-ray diffraction technique is growing since then. One of the 
major achievements is powder XRD technique. Debye and Scherrer in 1916 first 
observed in LiF powder and suggested its crystal structure precisely. After that Hull in 
1919 and Hanawalt in 1938 formalized a method to determine the crystalline structures of 
the powder materials [87].  
XRD analysis is done by targeting the atoms of the material with X-ray beams. When the 
X-ray beam hits the electrons of the atoms then it vibrates and re-emit the diffracted rays 
[88]. A diffraction pattern is formed when these diffracted rays interfere with each other. 
This type of the pattern is used for the investigation of the atomic structure of the 
materials [89]. Figure below shows the paths of X-rays through the planes. The angle of 
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the incident rays is θ, the wavelength of the incident rays is λ and the spacing between the 
planes is d. according to the Bragg’s law [87], there will be constructive interference if 
the difference in lengths of paths 2dsinθ is equal to the n time wavelength of the incident 
X-ray, It is expressed mathematically as follow.   
             
 
 
Figure 2–11 X-Rays through the planes [87] 
 
Scanning of crystals with regular planes with fixed wavelength gives characteristic peaks 
at certain angles, which leads to the mapping of the structure of the crystal of the 
material. Therefore, the diffraction patterns are presented as intensity versus incident 
angle [87]. This technique is also used for the study of the structures of TiO2 as well as if 
there is any metal loaded or doped on the TiO2 surface. Lattice spacing changes when 
there is metal loaded on the surface of the TiO2. The change can be uniform or non-
uniform.  In uniform change there is only shift in the peak and for non-uniform there is 
peak broadening observed [88].  For example, Analysis of Ag doped TiO2 is shown in 
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figure below. It shows non-uniform change as there is shift in peak as well as broadening 
of peak [90]. 
 
Figure 2–12 XRD of Ag doped TiO2 [90] 
 
Table 2-5 XRD Shift of Different Doping Ratios of Ag−TiO2 [90] 
Ag doping ratio (mol %) 0 0.01 0.05 0.5 3 
2θ (deg) 25.36 25.32 25.26 25.2 25.06 
 
Scherrer formula is used for the calculation of average crystalline size of the material 
using XRD Data. 
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Where [88] 
D= Average diameter of crystalline 
K=constant ranges in 0.8-1.39 
λ= wavelength of the incident X-ray 
β= full width at half maximum (FWHM, in radians) 
θ= Position of the peak 
 
Following materials and equipment are used in the course of the reaction 
2.6.3 Scanning Electron Microscope 
Electron microscopy generated from optical microscopy in 1931 when it resolution limit 
reaches 180 nm due to light diffraction. A high resolution image is generated as a result 
of small wavelength of electron beam from electron microscope. Different parts of 
scanning electron microscope (SEM) are shown in figure a below.  Electron gun, 
electromagnetic lenses, scanning coils, detector and aperture are the main parts [91].  
Working Principle 
Voltage is applied to tungsten filament to generate the beam of electron from the electron 
gun. Negatively charges electrons are immediately move toward the anode and 
accelerated through the column of the SEM. The electron beam reaches the surface of the 
material after passing through the magnetic lenses. Resolution of SEM is determined by 
the condenser lenses which demagnify the beam and defines its size. The main purpose of 
the aperture is to stop the unwanted spray electrons [91]. The beam of electron is focused 
with the help of objective lens on the surface of the sample. Scan coils are used to scan 
37 
 
the sample across the specimen. As soon as the beam of electrons hit the surface of the 
material with high energy different signals are generated.   
When the electron beam hit the surface of the material it can produce auger electron, X-
rays and cathode luminescence. Composition of the material and the incident energy are 
main factors for the strength of the different signals. X-rays spectroscopy along with 
SEM is widely used elemental analysis technique.  SEM can give better in-depth analysis 
and good presentable image as compared to the optical microscopy. SEM is extensively 
used analysis technique due to its higher resolution, greater magnification and 
crystallographic information [91].  
 
 
Figure 2–13 Working Pricipal of SEM Analysis [91] 
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2.6.4 Energy dispersive X-ray spectroscopy (EDX) 
Technique most commonly used for the elemental analysis for the materials is Energy 
dispersive X-ray spectroscopy (EDX, EDS or EDXS). It uses electron spectroscopy for 
the analysis of the material. Investigation of the material is done by analyzing the X-rays 
emitted by the matter.  
When an electron moves from the lower energy level to the higher energy level, the gap 
at the at the lower energy level is filled which results in emission of the characteristic X-
rays containing energy between these two levels. As all the elements of the periodic table 
has specific X-rays and it is the characteristic of the structure of the element it helps to 
distinguish from each other [92].  
Principle 
EDX analysis is done under the electron beam bombardment. The electrons in the beam 
hit the electron of the material and moving them out of the shell leaving a hole behind, 
which is eventually filled by the electron from the higher energy level. While moving 
from higher level to lower level the electron releases some energy as X-ray.  The amount 
of the energy depends on the level of transferring shell. Every element releases a unique 
amount of energy which is detected and used to identify the element.  Generally X-ray 
emission increases with the increase in the atomic mass. Thus EDX is more usefully for 
the heavy metals [93,94].  
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Figure 2–14 EDX Analysis Graphical Repesentation 
2.6.5 Fourier Transform Infrared (FT-IR) spectroscopy 
Albert Michelson designed this instrument and used it his study of relativity and light in 
1887 [95]. Conventional spectroscopy is frequency domain spectroscopy but the Fourier 
transform spectroscopy is time domain spectroscopy. In FT-IR the radiant power data is 
plotted against time. The amplitude of each resolved oscillations is a function of intensity 
of radiation. Fourier transform is used to convert the time domain to conventional 
frequency domain [95].  
Rotational and vibrational statuses of the molecules changes due to the absorption on the 
IR range. Absorption intensity and frequency is the function of photon energy transferred 
and vibrational energy of the molecule respectively. As a result, molecules absorb IR 
light and it cause change in their dipole moment. Most compounds show their 
characteristic IR absorption.  
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Conventional dispersive analysis or Fourier Transform Infrared (FT-IR) spectroscopy can 
be used for the analysis in the mid IR region (400-4000 cm
-1
). FT-IR analysis is faster 
and better as compared to dispersive IR analysis as it give better signal to noise ratio [96] 
[92].  
 
Figure 2–15 FTIR Analysis of Catalyst 
 
2.6.6 Thermal Gravimetric Analysis (TGA) 
Techniques used for the measuring the physical properties for the substance as a function 
of temperature in controlled temperature conditions is called thermal analysis [97].  
Thermal Gravimetric Analysis (TGA) is a technique used to measure the weight loss or 
gain against a range of temperature. During the process of heating the material can lose 
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weight due to evaporation, drying or the chemical reactions that can evolve gases. Some 
material also showed weight increase during the process [97].   
A Small amount of material is put in the alumina pan that is suspended from an analytical 
balance. After putting the sample the balance is zeroed and the alumina pan is heated at a 
certain heating rate. It instruments generates the data of the weight of the material against 
the time elapsed and temperature of the material. The TGA thermo grams plots the 
weight percent % and derivative weight % against the temperature of the reference 
material at X-axis [92].  
 
Figure 2–16 TGA Curve for the Catalyst 
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3 CHAPTER 3 
MATERIAL AND METHODOLOGY 
3.1 Materials 
Following materials and equipment are used in the course of the reaction 
1) Anatase (TiO2) 
2) Cupric Nitrate (Cu (NO3)2 3H2O)  
3) Zinc Nitrate (Zn (NO3)2 10H2O) 
4) Gas Cylinders  
5) UV lamps 
6) GC/MS/FID 
Anatase TiO2 was purchased from Acro Organics. Cupric Nitrate was purchased from 
Griffin Certified Reagent and Zinc Nitrate was purchased from Fisher Scientific 
Company. CO2/H2 mixed gas cylinder was purchased from Saudi Industrial Gas in ¼ and 
½ ratios and composition was confirmed using GC/MS/FID. UV lamps of 20W were 
purchased. Distilled water was used to prepare all catalysts. The chemicals were used as 
received. 
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3.2 Catalyst Preparation 
3.2.1 Impregnation Method 
Impregnation of the porous support with solutions of the active metal components is one 
of the best methods for the synthesis of the heterogeneous catalyst. In impregnation 
method the pores of the support are filled by diffusion from the solution of the metal salt.  
The catalyst is synthesized either by adding the support to the solution of the active metal 
salt or by spraying of the support with metal salt solution; this is then followed by drying 
and decomposition at higher temperature, either by reduction or thermal decomposition. 
The support mixed in the solution containing the active metals under specifically defined 
condition of (time, temperature, mixing). Depending on the above mentioned conditions 
adsorption of the active metals occurs on the surface of the support and it results in non-
uniform distribution of active metals on the support.  
 
Figure 3–1 Block Diagram for the Synthesize of the catalyst  
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Figure 3–2 Graphical Representation of the Synthesis Process  
Zn, Cu Salts and TiO2 are precisely weighed according to the requirement and then it is 
mixed in distilled water. The solution is left for 24 hrs to adsorb the active metals on the 
surface of the support up to equilibrium concentration. After 24 hrs of adsorption the 
supported catalyst was filtered and dried at 110 ºC for 4 hrs. Dried powder catalyst was 
grinded and then placed in furnace for calcination at 380 ºC for 3 hrs. Afterwards, the 
catalyst was reduced by hydrogen gas at 380 ºC for 3 hrs. Final product obtained after 
reduction was tested for CO2 reduction. 
45 
 
3.3 Catalyst Characterization 
3.3.1 Bet Surface Area & Pore Volume 
BET surface Area, pore volume and pore size distribution were determined using 
Micrometrics ASAP 2020 instrument [98]. A sample of 0.43 g treated catalyst was 
degassed at 573 K for 2 h under vacuum, and then N2 gas was adsorbed–desorbed at 77 
K. T-plot method was used for the determination of the micro pore volume.  
3.3.2 X-Ray Diffraction (XRD) 
The degree of crystallinity of the catalyst was characterized by powder X-ray diffraction 
(XRD) [99]. The XRD analysis was carried out by BRUKER D8 ADVANCE using Cu 
Kα X-Ray source (λ=1.5418 Aº) operated at 45 kV, 40 mA at 2θ angles from 20° to 80°, 
with a scan speed of 2°min
-1
. 
3.3.3 Scanning Electron Microscope (SEM) & Energy-Dispersive X-
Ray Spectroscopy (EDX) 
JEOL Scanning Electron Microscopy (Model JSM6400) along with Energy Dispersive 
Spectrophotometer (EDX) operated with 20 kV voltages was used to analyze the 
morphology of powder catalyst samples [98]. Gold layer coating was used for the 
analysis. Elemental composition of the sample was determined by analyzing the X-ray 
spectrum generated through spot analysis. 
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3.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 
FPC FTIR Perkin Elmer spectrophotometer was used for the analysis of presence of the 
functional group at the surface of the catalyst. A small amount of Catalyst and 50 mg IR-
grade Potassium Bromide (KBr) powder are mixed properly and hydraulically pressed at 
10 ton/m
2
 to prepare a thin uniform pellet [100]. The pellet was oven dried at 110 ºC to 
prevent any interference with moisture. All FTIR spectrums were obtained in the 
transmission mode. The FTIR spectrum of the pellet, % transmittance (%T) is reported 
against wavenumber over a range of 450 cm
-1–4000 cm-1. It is helpful for the 
identification of the functional group (such as CH3–, NO3–, –OH, Ti–O, C–O, etc.) in the 
sample. The characteristic peaks indicated the presence of the functional group [101]. 
3.3.5 Thermo Gravimetric Analysis (TGA) 
The thermo gravimetric analysis (TGA) was carried out using the TA instrument SDT 
Q600 to determine the thermal stability of the catalyst materials prior to calcination. The 
rate of heating was maintained at 10 ºC/min, and the measurement was carried out from 
25 ºC to 900 ºC with N2 flowing at a rate of 100 mL/min. TGA results are reported as 
thermo grams which are plots of the percentage decomposition of the catalyst versus 
temperature [101].  
3.4 Photo Reduction Experiments 
The system was irradiated by 3 lamps of 20 W each with a peak light intensity at 254 nm. 
The whole system was covered by aluminum foil to prevent any interference of light. The 
glass column is placed in between the triangle of lamps. 
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Glass column of diameter 0.5 cm and length of 30 cm was used during the course of the 
reaction. Column was filled with 1 g of catalyst. 5 mL/min gas mixture was introduced in 
the column and allowed to pass for 30 min under UV light at STP. Sample was collected 
after 30 min using a syringe for analysis from the outlet of the glass column and 
introduced into the GS/MS/FID. The analysis shows that CO2 was successfully converted 
to hydrocarbons and percent conversion was calculated based on the amount of CO2 
consumed.   
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4 CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Catalyst Characterization 
4.1.1 Particle Size Distribution 
Table 4-1 summarizes the properties of the catalyst. The specific surface area (SBET) of 
Cu-Zn/TiO2 and TiO2 are 8.59 and 10 m
2
/g respectively. It shows that the impregnation 
of the Cu-Zn on the surface of TiO2 has reduced the surface area. 
Table 4-1 Surface properties of catalyst 
Catalyst Surface Area 
(m
2
/g) 
Pore Volume 
(cm
3
/g) 
Pore Size 
(nm) 
TiO2 10 0.000888 2.013 
25% Cu 10% Zn/TiO2 8.59 0.000708 2.019 
 
The nitrogen adsorption-desorption isotherms and pore size distribution curves of Cu-
Zn/TiO2 catalyst are shown in Figure 4–1Figure 2–10 N2 Adsorptiom Isotherms. 
According to IUPAC classification, it exhibited type III isotherms [102–104], which are 
typical characteristics of mesoporous material [102–105] . As per classification by 
IUPAC, the type of hysteresis loop is H3 [103,104]. This type of hysteresis is usually 
found on solids consisting of agglomerates or aggregates of particles forming slit shaped 
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pores (plates or edged particles like cubes) [99,103,104]. The average pore size and BET 
surface area of 25% Cu 10% Zn/TiO2 were found to be about 2.02 nm and 8.59 m
2
/g.  
The value of BET surface area for Cu-Zn/TiO2 is near to bare TiO2 nanoparticles it 
shows that the impregnation method does not have a considerable effect on the surface 
area of the catalyst [102].  Pore size distribution of the Cu-Zn/TiO2 nanoparticles was 
obtained from adsorption branch, using the BJH method in the Figure 4–2 in the range of 
1.5–10 nm [102]. The major pore size is 2.83 nm.   
 
 
 
 
Figure 4–1 N2 isotherm adsorption-desorption curves for Synthesized Catalyst 
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Figure 4–2 Pore Size Distribution of Synthesized Catalyst 
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4.1.2 Scanning Electron Microscopy (SEM) 
The morphology of the synthesized catalyst was observed by SEM as shown in the 
figures below of different sites and different magnifications i.e. 0.5 µ, 1µ and 2 µ. 
Morphology and elemental composition of the catalyst was examined by scanning 
electron microscopy (SEM) . The results are similar to those presented by H. Ninsonti 
et.al [106] showing rough morphology and slight agglomeration. Similarly results are in 
accordance with the results presented by M. a. Behnajady et.al [102] that there is uniform 
distribution of the particles with spherical morphology and slight agglomeration.  
The deposited clusters of Zn and Cu on the surface of TiO2 indicate the week interaction 
of Cu and Zn with the support prepared by the impregnation method [101]. The slight 
agglomeration present on the surface might be due to the sintering during the calcination 
process [100].  
Increasing Cu and Zn loading has increased the crystalline size and decreased the BET 
surface area similar to the work reported by Ganesh et.al [107]. The bare TiO2 and 
impregnated TiO2 has almost the same common features showing spherical like 
morphology [108]. Agglomeration of the smaller particles is due to the Ostwald ripening 
mechanism of the coarsening and aggregation which competes with nucleation during 
hydrolysis [109]. 
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Figure 4–3 SEM images at different resolution for the Synthesized Catalyst 
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4.1.3 Energy Dispersive X-Ray spectrum (EDX) 
The EDX result proved the existence of the Cu and Zn on the surface of the TiO2. The 
peaks of copper, zinc and titanium are quite specific in Figure 4. The EDX spectrum 
Figure 4–4 shows the characteristic peak at 4.5 keV and 4.9 keV, confirming the presence 
of titanium [110]. Similarly characteristic peaks at 8.04 KeV and 0.93 KeV, confirms the 
presence of Copper and peaks at 8.63 KeV and 1.012 KeV indicate the presence of Zn in 
the survey area of the sample [111]. EDX analysis and the spectra of 2.6% Cu 0.5 % 
Zn/TiO2 is shown in Figure 4–4 which gave both qualitative and quantitative information 
[112] shown in Table 4-2 
Table 4-2 Energy dispersive X-ray elemental and atomic analysis 
Catalyst O Ti Cu Zn Total 
25% Cu 10% Zn/TiO2 56.30 40.60 2.6 0.5 100 
 
Figure 4–4 EDX analysis of the Synthesized Catalyst   
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4.1.4 X-Ray Diffraction (XRD) 
X-ray powder diffraction (XRD) is an analytical technique mainly used for phase 
identification of a powder crystalline material. XRD analysis of 25% Cu 10% Zn/TiO2 is 
presented in the Figure 4–5. The major peak at 2θ ~ 25.33, 37.8, 48.06, 53.9 and 55.08 
represents the TiO2 (Anatase phase) (JCPDS 84-1286) [113,114]. Metallic copper is 
detected on the metal surface and shown as the characteristic peak at 2θ ~ 43.6 and 75.06 
which are in accordance with the metallic copper (JCPDS NO.04-0836) [115–117]. 
Amorphous phase of CuO had also been detected at its characteristic peaks 2θ ~ 62.70 
and 68.78 almost similar to the CuO (JCPDS file No. 05-661) [118–120].  Similarly 
small peaks of metallic Zn are shown in Figure 4–5 The positions of the peaks are in 
accordance with the JCPDS card number 04-0831 at 2θ~ 36.9 and 38.6 [121–124]. The 
diffraction peaks found at 2θ~70.06 is indexed at hexagonal wurtzite phase and it is 
almost similar to ZnO JPCDS 36-1451 [125–128]. 
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Figure 4–5 XRD Analysis of the Synthesized Catalyst 
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4.1.5 Fourier Transform Infrared Spectroscopy (FTIR) 
The FT-IR absorption spectrum of 25% Cu 10% Zn/TiO2 is shown in Figure 4–6. In the 
spectra below, absorption peak at 1636 cm
-1
 to 3437-3440 cm
-1
 are attributed to O-H 
bending, hydroxyl group and water physically adsorbed , respectively [101,104,129]. The 
IR band observed from 400 to 900 cm
-1 
corresponds to Ti-O stretching vibrations 
[100,101,130]. The broad IR peaks at 2350 cm
-1
 represent the CO2 asymmetric stretch 
[131–134]. IR peaks at 2924 cm-1 and 2850 cm-1 represent the C-H stretching [135,136] 
2924 cm
-1 
represent the asymmetric and 2850 cm
-1 
represent the symmetric vibrations 
[135,137].  
 
Figure 4–6 FTIR Analysis of Synthesized Catalyst 
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4.1.6 Thermal Gravimetric Analysis (TGA) 
The TGA curve of the 25% Cu 10% Zn / TiO2 is shown in the Figure 4–7.  The material 
is thermally stable and the total weight loss is less than 1%. Gradual weight loss till the 
200 is due to the little moisture present in material. Weight loss above 600 °C indicates 
desorption of surface species 
 
 
Figure 4–7 TGA Analysis of Synthesized Catalyst 
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4.2 Photocatalytic conversion Experiments 
As described in previous chapter, metal modified TiO2 was synthesized via wet 
impregnation process in this research. These synthesized catalysts were characterized by 
using different analytical techniques and data of these techniques is presented in previous 
section. In this section, the results of the experiments and the effects of various 
parameters are presented.  
4.2.1 Effect of Cu Modified TiO2 
The effect of Cu loading on the conversion of CO2 for Cu/TiO2 was studied by loading 
different weight concentrations of Cu 0%, 15%, 25%, 35%. At each Cu loading the 
experiments were performed and repeated to confirm the reproducibility of the results. 
The results are shown in the Figure 4–8. It clearly shows that 25% Cu loading by weight 
has the highest conversion. Decreasing or increasing the impregnated weight % of Cu to 
15% or increasing it to 35 % reduced the conversions. Similar results are reported in 
literature that there is an optimum Cu loading for CO2 photo reduction on TiO2 based 
catalysts [3,71,138–140]. At lower Cu loading content below the optimum value, TiO2 
did not contain sufficient electron trap sites that can inhibit the recombination of 
electrons and hole pairs, thus leading to lower photo activity [3][139][141].  
However, at higher Cu loading than optimum value could decrease the catalytic activity 
due to the increased Cu amount can block the light absorption centers of TiO2 [3] and 
excess Cu species could create the options for the recombination of the photo induced 
electron and the holes, as a result decrease the photo activity [138,139,141].  
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Table 4-3 Effect of Cu %age on Conversion for CO2 
Catalyst Conversion at 4/1 Conversion at 2/1 
TiO2 9.65 7.5 
15% Cu/TiO2 13.2 11.03 
25% Cu/TiO2 13.35 12.52 
35% Cu/TiO2 10 8 
 
 
Figure 4–8 Effect of % age of Cu on the Conversion of CO2 for Synthesized Catalyst 
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4.2.2 Effect of Zn Loading in Cu-Zn/TiO2 catalyst 
Photo reduction of CO2 with H2 using Cu-Zn/TiO2 based was studied. Conversion of CO2 
as a function of metal loading is plotted in Figure 4–9. Different catalysts under UV light 
irradiations were tested and the experiments were repeated to confirm the reproducibility 
of the results. The experiments were conducted at two different ratios H2/CO2 4 and 1. All 
the experiments were conducted for 30 min irradiation time and flow rate of 5 mL/min at 
1 bar pressure and room temperature.  All the catalyst impregnated with Cu and Zn 
showed the conversion of CO2 under the UV light irradiations. Two series of catalyst 
were tested to study the effect of the metal catalyst loading on the catalyst efficiency. In 
first type of series, the weight of the Cu metal loading is kept constant at 15% and the 
weight of the Zn metal loading is changed from 5% to 25%. In second type of the series, 
Zn metal loading is kept constant at 15% and the Cu metal loading is changed from 5% to 
25%. In Figure 4–9, the results of the first type of series with constant copper loading are 
shown. The catalyst with 5% Zn loading appeared to be the best among the others co-
modified TiO2, while the others co-modified catalysts showed less conversion as 
compared to 15% Cu-5% Zn/TiO2 catalyst.  The Cu species deposited on the surface of 
the catalyst work as hole scavengers and as a result enhance the CO2 reduction. The 
dispersion of the Cu has a positive effect on the conversion rate. The possible reason 
behind the decreasing trend of the conversion is by increasing the amount of Zn on the 
surface of catalyst we are increasing the band gap of the overall system because Zn has 
higher band gap than Cu. Secondly Zn has lower thermal conductivity than that of Cu so 
by increasing the amount of Zn the overall conductivity of the system started to decrease 
and results in the decrease in the conversion of CO2. 
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Table 4-4 Effect of Zn Loading on Cu-Zn/TiO2 catalyst 
Catalyst Conversion at 4/1 Conversion at 2/1 
15% Cu 5% Zn/TiO2 12.05 10.41 
15% Cu 10% Zn/TiO2 10.2 9.64 
15% Cu 15% Zn/TiO2 9.5 9.22 
15% Cu 20% Zn/TiO2 8.25 7.94 
15% Cu 25% Zn/TiO2 6.2 5.88 
 
 
Figure 4–9 Effect of % age of Zn on the Conversion with Constant Cu (15%) 
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4.2.3 Effect of Cu Loading in Cu-Zn/TiO2 catalyst 
In the Figure 4–10 the results of the second type of series with constant Zn loading is 
shown. The Zn loading is kept constant at a value of 15% with changing Cu from the 
value of 5% to the 25 %.  The catalyst with the 5% Cu and 15 % Zn on the surface of the 
catalyst surface appeared to be the best among all the other Co modified catalysts in this 
series. The 5% Cu and 15 % Zn catalyst showed maximum conversion of 12.2 % at 4/1 
ratio of H2 to CO2. The catalyst without any Cu and having only the Zn on the surface of 
the TiO2 showed less conversion around 10% which increased with the addition of Cu to 
the catalyst but after a certain value the conversion of the catalyst started to decrease.  
Possible reason for the first increase of the conversion with addition of Cu to the catalyst 
is that Cu act as hole scavenger and electron trapper in the catalyst and as a result will 
enhance the conversion efficiency of the catalyst. Secondly at low amount of Cu the 
dispersion of Cu is better and it eventually enhances the reduction rate of the CO2. 
On the other hand, the decrease in the conversion efficiency after the optimum catalyst 
for this series has many reasons as well. At low Cu content, it hinders the recombination 
of the electron and holes but as the Cu content increase above the optimum level the Cu 
species became the recombination centers for the photo induced electrons and the hole 
resulting in the decrease of the photocatalytic activity of the catalyst.  Other suggested 
reason can be the size difference of Cu and Zn and as reported in literature the 
introduction of Cu can affect the Zn.   
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Table 4-5 Effect of Cu Loading on Cu-Zn/TiO2 catalyst 
Catalyst Conversion at 4/1 Conversion at 2/1 
15% Zn/TiO2 10.3 10 
5% Cu 15% Zn/ TiO2 12.2 12 
10% Cu 15% Zn/ TiO2 11.5 10.3 
15% Cu 15% Zn/ TiO2 9.5 9.11 
20% Cu 15% Zn/ TiO2 6.3 5.32 
25% Cu 15% Zn/ TiO2 6.25 4.41 
 
 
Figure 4–10 Effect of % age of Cu on the Conversion with Constant Zn (15%) 
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4.2.4 Optimum Cu-Zn/TiO2 Catalyst for Photocatalytic Conversion of 
CO2 
The best catalyst is found to be the one having less Zn and more Cu content.  It is evident 
from the results that increasing the Zn decrease the conversion and increasing the Cu 
content increase the conversion up to certain optimum value after that conversion started 
to decrease.  
The catalyst 25% Cu and 10% Zn over the surface of TiO2 proved to the best catalyst for 
the photocatalytic conversion of CO2 in the whole system of the catalysts we tested for 
this research. This catalyst showed 14.3% conversion of CO2 at the operating condition 
mentioned in the experimental section. Conversion at H2/CO2 ratio 2/1 is slightly lower 
than at 4/1. All the characterization presented and discussed above are of this catalyst. 
This value of Zinc seems to be optimum so we test with different loadings of Cu ranging 
from 15% to 35% at same condition. At the Cu loading less than the optimum the 
conversion is less and after the optimum the conversion also decreases at both ratios. 
Results are presented in Table 4-6  and shown in Figure 4–11 
The reasons behind the decrease were discussed earlier as well e.g. at higher Cu 
concentration it becomes the recombination centers for the holes and the photo induced 
electron and more concentration also cause the blockage of the light absorption centers of 
TiO2 resulting in the decreased activity of the catalyst. Higher conversion at the low Cu 
content is due to the better dispersion of the Cu on the surface of the catalyst. Compared 
to low Cu loading it inhibits the recombination of the electrons and the hole work as the 
electron trapper for the photo induced electron.  
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Table 4-6 Effect of Cu-Zn/TiO2 catalyst on Conversion 
Catalyst Conversion at 4/1 Conversion at 2/1 
15% Cu 10% Zn/TiO2 10.2 9.64 
20% Cu 10% Zn/TiO2 10.4 7.35 
25% Cu 10% Zn/TiO2 14.3 14 
30% Cu 10% Zn/TiO2 10 9.64 
35% Cu 10% Zn/TiO2 8.5 6.58 
 
 
 
Figure 4–11 Effect of Cu-Zn/TiO2 catalyst on CO2 Conversion  
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4.2.5 Synergistic effect of Cu-Zn/TiO2 
It is reported above that Cu and Zn over TiO2 has managed to improve the catalytic 
conversion of CO2. When the TiO2 is simultaneously modified with Cu and Zn at a 
certain it is seen that it increase the results synergistically. It is shown in the figure below 
that the bare TiO2 showed 9.65 % conversion at 4/1 which increased 48% when co 
modified TiO2 is used. Similarly the co modified catalyst has the higher conversion than 
that of separately modified TiO2 with Zn and Cu. The co modified TiO2 has 38% and 8% 
more conversion that that of Zn and Cu modified TiO2, respectively. It is observed from 
the results that to achieve an optimum activity, a higher modifier concentration is needed 
under UV light irradiation in case of Cu. There is no noticeable enhancement in the 
conversion of Zn impregnated TiO2 as the conduction band of the Zn is almost the same 
as that of TiO2 so Zn unable to act as electron trap.  Hence the presence of Zn with 15% 
wt, was not able to enhance the activity of TiO2 for CO2 photo reduction, even though Cu 
with the same wt% has shown the significant increase in the conversion.  
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Table 4-7 Synergetic Effect of Cu-Zn/TiO2 
Catalyst Conversion at 4/1 Conversion at 2/1 
TiO2 9.65 7.5 
Zn/TiO2 10.3 10 
Cu/TiO2 13.2 11.02 
Cu-Zn/TiO2 14.3 14 
 
 
 
Figure 4–12 Synergetic Effect of Cu-Zn/TiO2 
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4.2.6 Effect of Time on the Conversion of the Catalyst  
All catalyst deactivate with time. As a general behavior in long term reaction the activity 
of the catalyst decreases as a function of time. The conversion of the catalyst increase 
with time until it reaches the highest value of 12.2 % after 90 min. After that the 
conversion started to decrease and reaches the zero after 180 min. One of the suggested 
reasons behind decrease in the photocatalytic activity is effect of the temperature on the 
adsorption of the species on the surface of the catalyst. The hypothesis is based on the 
fact that adsorption on the catalyst surface is the main factor for the reaction of the 
species at the surface of the catalyst and eventually the conversion to the products. As the 
temperature of the lamps takes 60 min to reach a plateau of highest temperature so the 
gas adsorption is inhibited as a function of time and as a result the activity of the catalyst 
decreases [142]. Other reasons for the lowering of the photocatalytic activity of the 
catalyst can be coagulation and the saturation of the adsorption site with the intermediate 
products [60]. Reduction of the active sites with time and usage of the catalyst is also one 
of the major reasons for the reduction of the activity of the catalyst. Deterioration of the 
catalyst site with the moisture and other products cannot be neglected as well.  
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Figure 4–13 Time Dependence Cu-Zn/TiO2 Catalyst of CO2Conversion 
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5 CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
1) A series of catalysts were synthesized as per requirement 
2) The aim was to impregnate the support with metal catalyst and this aim was 
achieved using wet impregnation technique and the presence of the impregnated 
metals is confirmed using XRD and EDX analysis techniques 
3) The synthesized catalyst is thermally stable as the thermal stability of the catalyst 
is tested using TGA analysis 
4) The conversion of the CO2 was increased to 13.35 % as we increase the amount of 
Cu on the surface of the support. 
5) Increasing the Zn on the surface of the catalyst has nominal effect on the 
conversion of CO2 
6) Synergetic effect for the conversion for CO2 was observed when 25% Cu and 
10% Zn was impregnated on the surface of the support and the resulted 
conversion is 14.3%. 
7) H2/CO2=4/1 showed better conversion than H2/CO2=2/1 
8) The catalyst deactivates after 3 hr and need to be regenerated for further use.  
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5.2 Recommendations 
1) We have used the wet impregnation method for the preparation of the catalyst so 
it is recommended to using other techniques like Sol gel and incipient wetness for 
the preparation of catalyst  
2) We have tested the catalyst in the presence of UV light for the conversion of CO2 
it is recommended to use other light sources especially solar light.   
3) We have impregnated the Cu and Zn on the surface of the support it is 
recommended to use other pair of metal oxide to increase the conversion. i.e. 
Nickel (Ni), Cerium (Ce) etc.   
4) We have used a fixed amount of light and it is highly recommended to use the 
higher intensity of light to increase the conversion 
5) The reactor should be designed in such a way that we can harvest maximum 
amount of light emitting from the light lamps.  
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